Despite its widespread influences on the atmosphere, the Madden-Julian oscillation (MJO) remains poorly represented in state-of-the-art general circulation models (GCMs). Motivated by recent findings that the horizontal advection of the mean low-tropospheric moist static energy or moisture by the MJO winds plays a crucial role in the eastward propagation of the MJO, we investigate the relationship between lower tropospheric moisture patterns over the Indo-Pacific and MJO eastward propagation in a suite of 23 GCM simulations. Model capability of reproducing the observed November-April mean lower tropospheric moisture pattern over the Indo-Pacific, especially near the Maritime Continent (MC), is highly correlated with model skill in simulating MJO eastward propagation. In GCMs with difficulty capturing realistic MJO propagation, the amplitude of the mean low-level moisture over the MC is greatly underestimated, leading to weak horizontal moisture gradients and thus discrepancies in moisture advection, significantly affecting MJO propagation. This study suggests that the mean lower tropospheric moisture pattern over the MC can serve as an important diagnostic metric for MJO propagation in climate models.
Introduction
The Madden-Julian oscillation (MJO) Julian, 1971, 1972 ] is a planetary-scale tropical atmospheric disturbance with an intraseasonal time scale of 30-90 days. MJO convection often initiates in the western equatorial Indian Ocean and slowly propagates eastward along the equator at about 5 m s À1 . During its eastward movement, the MJO exerts significant modulations on a myriad of atmospheric weather and climate phenomena, such as El Niño-Southern Oscillation, global monsoons, tropical cyclones, and extratropical weather extremes (see a recent review by Zhang [2013] ). Meanwhile, the MJO is thought to be one of primary sources of predictability for extended-range weather prediction [Ferranti et al., 1990; Hurrell et al., 2009; Waliser et al., 2012; Vitart et al., 2012; Neena et al., 2014; NAS, 2016] .
Various mechanisms have been put forth to interpret the essential characteristics of the observed MJO [Zhang, 2005; Wang, 2012] . However, a comprehensive MJO theory remains elusive. Recent studies have adopted the "moisture mode" concept to improve understanding of instability and propagation mechanisms associated with the MJO [e.g., Raymond and Fuchs, 2009; Maloney, 2012, 2013; Pritchard and Bretherton, 2014; Adames and Kim, 2016; Jiang et al., 2016; Jiang, 2017] . Within the moisture mode paradigm, MJO precipitation is mainly regulated by column moisture (i.e., precipitable water) perturbations, which can be linked to column moist static energy (MSE) under weak-temperature gradient theory over the Indo-Pacific warm pool where the MJO is most active. To this end, MSE processes have been comprehensively examined using both observations and model simulations to identify key MJO physics [e.g., Maloney, 2009; Kiranmayi and Maloney, 2011; Andersen and Kuang, 2012; Kim et al., 2014; Sobel et al., 2014; Arnold and Randall, 2015; Jiang et al., 2016; Wolding et al., 2016; Jiang, 2017] .
While cloud-radiation and surface wind-evaporation feedbacks tend to play a critical role in destabilizing the MJO [e.g., Raymond, 2000; Maloney and Sobel, 2004; Sobel et al., 2010; Andersen and Kuang, 2012; Sobel et al., 2014; Wolding et al., 2016] , column-integrated MSE advection, particularly its horizontal component, is considered to be essential in driving the eastward propagation of the MJO [e.g., Maloney, 2009 Arnold and Randall, 2015] . With a partial contribution from high-frequency eddy transport [Maloney and Dickinson, 2003; Maloney, 2009; Kiranmayi and Maloney, 2011; Andersen and Kuang, 2012; Benedict et al., 2015] , total horizontal MSE advection associated with the MJO is largely dominated by the advection of the seasonal mean MSE by MJO wind anomalies [e.g., Kiranmayi and Maloney, 2011; Kim et al., 2014] . The importance of mean MSE advection by the MJO circulation in MJO propagation has been further confirmed by a recent analysis based on multimodel simulations from the MJO Task Force (MJOTF) and the Global Energy and Water Cycle Experiment Atmospheric System Study (GASS) MJO model comparison project [Jiang, 2017] . Jiang [2017] shows that in GCMs that poorly represent the eastward propagation of the MJO, significant model deficiencies are noted in both lower tropospheric (mainly between 400 and 900 hPa) mean MSE pattern and MJO circulations, leading to rather weak positive (negative) MSE tendencies to the east (west) of MJO convection.
Since MSE is largely dominated by the moisture field in the lower troposphere, the role of horizontal moisture advection, specifically advection of mean moisture by the MJO anomalous winds, in the eastward propagation of the MJO has also been confirmed by both observations and model simulations [e.g., Hsu and Li, 2012; Cai et al., 2013; Chikira, 2014; Adames and Wallace, 2015; Nasuno et al., 2015; Wolding et al., 2016] . These results thus indicate that realistic model representation of the lower tropospheric mean moisture pattern over the Indo-Pacific region could be critical to faithfully simulate the eastward propagation of the MJO.
Motivated by these previous studies, we analyze multimodel simulations from more than 20 GCMs participating in the recent MJOTF/GASS MJO project [Petch et al., 2011; Klingaman et al., 2015; Jiang et al., 2015] and examine the relationship between model skill in simulating MJO eastward propagation and the November-April mean lower tropospheric moisture pattern. Significant correlations between model skill of the eastward propagation of the MJO and low-level mean moisture pattern over the Indo-Pacific region are evident. In particular, we pinpoint a region near the Maritime Continent (MC) where the model mean low-level moisture pattern is highly correlated with model MJO eastward propagation.
Data Set and Methods
The multimodel data set used for this study is from the climate simulation component of the MJOTF/GASS MJO global model comparison project. We analyze 23 simulations based on 21 GCMs due to the availability of three-dimensional specific humidity fields (see Table A1 in Appendix A for details of these models). All of the participating models were integrated for 20 years, either with atmosphere-ocean coupling or with an atmosphere-only setting forced by the observed sea surface temperatures and sea ice concentrations during the period of 1991-2010. Output was archived every 6 h on standard horizontal (2.5°× 2.5°) grids and 22 vertical pressure levels. For details of this data set, please refer to Jiang et al. [2015] . The Tropical Rainfall Measuring Mission (TRMM)-based rainfall estimates (version 3B42 v7) [Huffman et al., 2007] as well as the European Centre for Medium-Range Weather Forecasts ERA-Interim reanalysis [Dee et al., 2011] for the 15 year period of 1998-2012 are used to validate the model simulations. Six GCMs with the highest MJO propagation skill are then identified as the "good" MJO models (GISS-E2, ECHAM5-SIT, CNRM-CM, SPCCSM3, MRI-AGCM3, and ECEarth3), and six other GCMs with the lowest skill as the "poor" MJO models (CWB-GFS, CanCM4, MIROC5, ISUGCM, CFSv2, and NavGEM1). Analyses in this study focus on the extended boreal winter season, November-April (hereafter just referred to as the winter season for brevity). a Correlation coefficients between model skill in representing the winter mean specific humidity and MJO propagation over the Indo-Pacific regions defined in Figure 1 . Model skill for low-level moisture patterns in each model is defined by the pattern correlation between the model-simulated and ERA-Interim reanalysis 650-900 hPa averaged winter mean specific humidity pattern. Model skill for MJO propagation is determined by individual model lag-regressed timelongitude rainfall evolution diagrams correlated against their TRMM counterparts. Note the high correlation between MJO propagation skill and mean moisture pattern skill over the Maritime Continent (in bold font for clarity).
Results
Geophysical Research Letters 10.1002/2016GL072430 decreasing amplitude westward along the equator and poleward on both sides of the equator, is essential for the eastward propagation of the MJO over the Indo-Pacific region [Hsu and Li, 2012; Nasuno et al., 2015; Adames and Wallace, 2015] . This is further supported by the realistically simulated mean moisture pattern in the good MJO models (Figure 1b ) in accordance with strong eastward MJO propagation in these models. In contrast, the moisture maximum over the MC and thus horizontal gradient are largely underestimated in the poor MJO models ( Figure 1c ) along with their rather weak MJO eastward propagation. The low-level mean moisture pattern in the poor MJO models largely resembles the lowlevel MSE pattern in Jiang [2017] , suggesting that the largely underestimated horizontal MSE (moisture) advection is responsible for weak MJO eastward propagation in these models.
We further examine how model skill in representing the low-level mean moisture pattern over the Indo-Pacific is related to model MJO eastward propagation across the 23 model simulations. Model skill for the low-level moisture pattern in each model is defined by the pattern correlation between the modelsimulated and ERA-Interim reanalysis (shown in Figure 1a ) 650-900 hPa averaged winter mean moisture pattern. Model skill for MJO propagation is determined by individual model lag-regressed time-longitude rainfall evolution diagrams correlated against their TRMM counterparts, as discussed in section 2. Table 1 illustrates correlation coefficients between MJO propagation skill and model skill of the winter mean 650-900 hPa specific humidity pattern over the three subregions along with the entire Indo-Pacific domain shown Figure 1a . The three subregions are denoted as the (1) Figure 1a is adjusted to maximize the correlation coefficient.
A high correlation of 0.53 (at the 99.5% significance level) between model skill in representing the winter mean low-level moisture pattern over the broad Indo-Pacific region and MJO propagation skill is indeed discerned across the 23 GCM simulations, confirming the aforementioned notion that the mean low-level moisture distribution in the Indo-Pacific region is critical to accurately simulate the eastward propagation of the MJO. While similar correlations between model MJO propagation skill and model skill in simulating mean moisture patterns over the Indian Ocean subdomain are also observed, the mean moisture pattern over the west Pacific is not significantly correlated with MJO propagation. Particularly noteworthy is the MC region, where a very high correlation (0.8) is found between the winter mean moisture pattern skill and MJO propagation skill, suggesting that the realistic simulation of the mean moisture distribution over the MC could be vital to realistically simulate MJO eastward propagation in GCMs.
As further shown in Figure 2 , GCMs that realistically capture the eastward propagation of the MJO also tend to accurately simulate the 650-900 hPa mean moisture pattern over the MC (red triangles), and vice versa for the poor MJO models (blue boxes). In addition to the correlation coefficients between MJO propagation skill and the 650-900 hPa vertically averaged moisture pattern skill, similar correlation coefficients between MJO propagation skill and model skill in representing the winter moisture pattern at each vertical level between 1000 and 100 hPa over the four Indo-Pacific domains are further displayed in Figure 3 . The results clearly indicate that mean moisture patterns in the lower troposphere are best correlated to MJO eastward propagation, justifying our selection of vertical levels between 650 and 900 hPa for deriving the mean lower tropospheric vertically averaged moisture pattern. It is worth noting that the model moisture patterns near the boundary layer (below 900 hPa) do not show a close association with MJO propagation in the multimodel simulations. This result is consistent with previous findings from MJO MSE diagnoses based on observations [Kim et al., (Figure 4a ), the good MJO models (Figure 4b) , the poor MJO models (Figure 4c ), and the difference between the good and poor MJO models (Figure 4d ). Similar to Figure 1 , the good MJO models are much moister near the equator and slightly drier in off-equatorial regions, particularly in the Northern Hemisphere (Figure 4d ), indicating much stronger meridional gradients in the mean low-level specific humidity near the MC in the good MJO models than the poor MJO models (cf. density in contours in Figure 4b and 4c ). Significant differences in the zonal mean moisture gradient between the good and poor MJO models are also clearly evident in Figure 4 . These discrepancies between good and poor MJO model moisture gradients over the MC are further supported by strong correlations between MJO propagation skill and the root-mean-square error (RMSE) of the zonal and meridional moisture gradients over the MC. Correlation coefficients of À0.65 and À0.72 are found between the MJO propagation skill and the RMSE of the zonal and meridional 650-900 hPa averaged winter mean specific humidity gradients, respectively. Figures 4a-4c also illustrate that the local mean low-level moisture over the MC tends to be maximized over large islands in both model simulations and ERA-Interim, suggesting land processes or circulations induced by land-sea contrasts contribute significantly to the high mean lower tropospheric moisture over the MC.
Figures 4e-4h illustrate meridional-vertical cross sections of the winter mean specific humidity over the MC region (averaged over 90°E-135°E) in ERA-Interim (Figure 4e ), the good MJO models (Figure 4f ), the poor MJO models (Figure 4g ), and the difference between the good and poor MJO models (Figure 4h ). In general, the observed meridional-vertical moisture profile is well represented in the good MJO models. The largest differences between good and poor MJO models are in the lower troposphere between 500 and 900 hPa, with more moisture near the equator and less moisture off of the equator (Figure 4h) . Again, the difference in the mean moisture in the boundary layer between good and poor MJO models is rather weak, in agreement with weak correlations between model skill for mean moisture pattern in the boundary layer and MJO propagation skill as illustrated in Figure 3 .
Summary and Conclusions
Despite its critical role in bridging large-scale climate and weather extremes worldwide, the MJO remains poorly represented in state-of-the-art climate models. In particular, the systematic eastward propagation of the MJO along the equator is not realistically captured in most present-day GCMs. Recent observational and modeling studies suggest that horizontal MSE or moisture advection in the lower troposphere, specifically the seasonal mean low-level MSE (moisture) by the MJO anomalous winds, plays an essential role for the eastward propagation of the MJO [e.g., Kiranmayi and Maloney, 2011; Kim et al., 2014; Nasuno et al., 2015; Hsu and Li, 2012; Adames and Wallace, 2015; Jiang, 2017] .
Motivated by these studies and taking advantage of multimodel output from the recent MJOTF/GASS MJO evaluation project, we investigated the relationship between model skill in representing the lower tropospheric moisture over the Indo-Pacific region and MJO propagation skill across more than 20 GCM simulations. Significant correlations between model skill for the eastward propagation of the MJO and the November-April mean moisture pattern over the Indo-Pacific region are evident with maximum correlations in the lower troposphere between 650 hPa and 900 hPa and minimal correlations in the boundary layer. More specifically, model skill of the 650-900 hPa averaged mean specific humidity over the MC region exhibits a very high correlation (0.8) with model skill of the eastward propagation of the MJO, suggesting that realistic simulations of the mean low-level moisture pattern over the MC could be critical for realistic simulations of the eastward propagation of the MJO. While the observed mean low-level moisture maxima over the MC region are well-simulated in the good MJO models, they are greatly underestimated in the poor MJO models, leading to weaker horizontal mean moisture gradients and thus discrepancies in the horizontal moisture advection associated with the MJO.
Results from this study further support the importance of horizontal MSE or moisture advection for the eastward propagation of the MJO based on multimodel simulations. These results also suggest that the seasonal mean lower tropospheric moisture pattern, particularly over the MC, can serve as an important diagnostic metric to evaluate MJO propagation in climate models.
Specific physical processes responsible for the model deficiencies in the mean low-level moisture pattern in the poor MJO models need to be further investigated. They could be associated with model deficiencies in Geophysical Research Letters 10.1002/2016GL072430 accurately simulating vertical mixing processes in the boundary layer, shallow cumulus clouds [Cai et al., 2013] , large-scale moisture convergence associated with ascending motion within the Walker circulation, or the vigorous diurnal cycle over the MC region [e.g., Love et al., 2011; Peatman et al., 2014] . The close relationship between the mean moisture pattern over the MC and the MJO eastward propagation is also in general agreement with previous studies that have emphasized the role of the MC region for climate mean state and variability Slingo et al., 2003] .
Moreover, even though we have mainly focused on the influences of the mean lower tropospheric moisture on the eastward propagation of the MJO, upscale feedbacks of the MJO to the mean moisture distribution remains an intriguing topic for future investigation, particularly over the MC region. More generally, we need to improve our understanding of the role of multiscale convective activity, including mesoscale convective systems, the local diurnal cycle, synoptic waves, and the MJO, in shaping the mean moisture pattern over the MC. The upcoming field campaign, "The Years of the Maritime Continent (YMC)" (A scientific plan of the YMC field campaign is available at the following link: www.jamstec.go.jp/ymc/docs/ YMC_SciencePlan_v2.pdf), would provide an unprecedented opportunity to understand detailed multiscale interactive processes near the MC and thus help reduce the aforementioned model deficiencies in the mean moisture pattern. 
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